Abstract
Introduction 27
Different members of the bacterial species Salmonella enterica cause a surprising 28 variety of diseases in both human and animal hosts. These range from asymptomatic 29 persistence through gastric infections to potentially fatal systemic disease (including 30 typhoid fever). Different Salmonellae have diverse host ranges -some isolates are able to 31 infect a broad range of animal and plant hosts, while others are very host-specific. In the 32 US there are an estimated 1.4 million annual cases of human non-typhoid salmonellosis 1 (39), with 400 deaths. The death toll is much higher in third world countries where 2 typhoid fever is a major killer due to poor sanitary conditions. 3
The species is subdivided into six subspecies: enterica (I), salamae (II), arizonae 4 (IIIa), diarizonae (IIIb), houtenae (IV) and indica (VI). Of these, subspecies I is 5 responsible for the overwhelming majority of human and domestic animal infections. 6 Based on the bacterium's O-(surface polysaccharide) and H-(flagellar) antigens, S. 7 enterica is classified into more than 2500 serovars, approximately 60% of which have 8 been identified from subspecies I isolates (23, 24) . Typing of S. enterica based on these 9
antigens is the current gold standard of Salmonella identification in US State Health 10 Department laboratories, and worldwide, and employs more than 150 O-and H-antigens. 11
Comparative Genomic Hybridization (CGH) assays on whole genome 12 microarrays subsequently showed that genomic differences generally correlated well with 13 serotype assignments, with a few notable exceptions (25). Some serovars can be further 14 subclassified into genovars based on substantial differences in genetic content. 15 Conversely, two or more distinct serovars can have almost identical genovars. Some 16 genovars clade with entirely different serogroups, perhaps indicating that genes involved 17 in serotyping are laterally transferred into different genovars (25) . 18
A number of methods that have been developed to complement serology. These 19 include pulsed-field gel electrophoresis (PFGE) (14, 33, 35) , multi-locus enzyme 20 electrophoresis (MLEE, (34)), variable number of tandem repeat analysis (VNTR, or 21 MLVA, (2, 37)), and multi-locus sequencing (MLST, (6, 36) ). In addition, several PCR-22 based methods were investigated, targeting genes specific to some or all Salmonella (7, 9, 23 10, 19, 38: Kim, 2006 #50). Recent approaches using multiplex PCR are based on 24 variable number of probes, ranging from seven to twelve (13, 17) . 25
Salmonella oligonucleotide microarrays have been designed to assay variable 26 genes and antibiotic resistance markers within Salmonella (20, 21) . Some of these 27 focused entirely on sequence variations within the O-and H-antigens (40). A liquid-28 microsphere suspension array-based molecular protocol was also developed, where seven 29 specific probes distinguished the six most common O-serogroups in the US (8). However, 30 the genes encoding serologically relevant antigens have been shown to be extremely 31
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on July 14, 2017 by guest http://jcm.asm.org/ Downloaded from variable and highly prone to recombination (18, 32) . It would therefore be valuable to 1 develop an identification scheme that included both serotype and genetic background, to 2 complement serology. 3 PCR, oligo array, and microsphere array protocols usually rely on exact matches 4 of oligonucleotide sequences. Thus, point mutations can result in mis-assignments of 5 strains. The variation in sequence among strains in the same serovar will remain largely 6 unknown but it is certain that some strains will deviate from the known sequence at some 7 of the sites inspected. In order to circumvent this issue, a scheme that involves error-8 detection (11) is highly desirable. This scheme would not rely on a single character state 9 to distinguish any two different serovars, and would avoid misinterpretation due to a 10 single aberrant data point. We have explored this possibility using the currently available 11
Salmonella genome sequences, and CGH data from 291 Salmonella strains, generated in 12 our lab. We have compiled gene selections capable of distinguishing all 32 S. enterica 13 subspecies I serovars (52 genovars) investigated, in both uniplex real-time PCR and 14 multiplex PCR assays. These selections included sufficient information to detect 15 technical errors, unexpected polymorphisms, and novel strains. They encompassed two or 16 more gene differences in 99.5% of pairwise comparisons between these genovars, and 17 point mutations would therefore not lead to mis-classification of a strain. 18
19

Material and Methods 20
Gene selection 21
In order to maximize predictive values of marker genes these genes needed to 22 differ substantially from each other in their distribution among the different Salmonella 23 taxa. Therefore, the "genetic distance" between genes was determined. Using the CGH 24 data of 291 Salmonella strains, we first determined which of the 4936 genes represented 25 on the array had no predictive capabilities. Genes that were predicted to be absent in less 26 than two strains were removed from further analysis, as were genes that were predicted to 27 be present in less than two non-Typhimurium or non-Typhi strains. Then, each of the 28 remaining genes was treated as if it was a taxon, and the gene presence/absence 29 prediction in each strain was treated as a character; in essence, the data matrix was 30 rotated. "Uncertain" gene predictions were treated as missing data. Next, a genetic 31
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Sinauer Associates, Sunderland, MA). This "tree" effectively clustered genes that have 2 similar taxonomic distributions. Subsequently, 384 genes were manually selected based 3 on coverage of widely distributed and deep branches of the "tree", avoiding genes that 4 clustered together. This selection captured most of the variation in taxonomic distribution 5 observed in the CGH data, but was just one of billions of possible combinations of 384 6 poorly clustering genes. Note that non-subspecies I isolates contributed to this selection 7 scheme. However, since PCR-based assays rely on perfect matches of priming sequences, 8
and average DNA homology of non-subspecies I strains to the sequenced Typhi and 9
Typhimurium isolates is less than 98%, successful real-time PCR or multiplex typing of 10 non-subspecies I isolates using these markers was not expected. Therefore, this report 11 focuses on identification of all serovars and genovars within subspecies I. 12
13
Strains and primers 14
A list of all S. enterica subspecies I strains employed for CGH experiments is 15 presented in Table 1 . Using subsets of the selected genes, 24 S. enterica isolates were 16 analyzed by real-time PCR, and eleven were analyzed by multiplex PCR. All strains were 17 grown under standard conditions, in Luria-Bertani broth at 37˚C with shaking at 180rpm. 18
Bacterial genomic DNA was prepared using the Sigma GenElute kit, according to 19 manufacturer's recommendations. Supplementary Table 1 shows the primers used 20 successfully for real-time PCR, and in the multiplex PCR assays. 21 
22
Definition of genovars 23
The term genovar (as opposed to serovar) was coined (25) to characterize isolates 24 that belong to a certain serovar, but have a markedly different genetic repertoire from 25 other isolates in that same serovar. A "genovar" is therefore merely a practical division 26 indicating substantial genetic difference. Here, we use the term "genovar" for isolates of 27 the same serovars that differ in genetic content by more than 90 non-phage Typhimurium 28 3' end of any primer was not allowed in any other PCR product in the multiplex. PCR 21 products in one multiplex differed by at least 3% (and at least 4bp) from each other in 22 length to ensure resolution on electrophoresis platforms. Using these criteria, all 146 23 candidate genes were covered in less than thirty multiplexes of up to 25 genes. Twelve 24 subsets of eight genes were selected from these lists to be tested. 25
Each 10µl reaction consisted of 10ng of genomic DNA, 0.25µM primers, 26 appropriate concentrations of 16S control primers (varying from 0.001µM to 0.1µM), 27 0.05U Takara Ex Taq, and 0.25mM dNTP in 1X Ex Taq buffer (Takara). PCR reactions 28 were performed using 95°C for 3 min, followed by 35 cycles of 15 sec at 95°C -15 sec at 29 55°C -30 sec at 72°C, and finished with a 7 min incubation at 72°C. Products were 30 subsequently resolved on a 3.3% agarose gel. 64 of the 96 amplified PCR products were 31 CGH assays on custom-made whole genome PCR product arrays were performed 5 as previously described (26). Predictions of gene presence / absence were calculated 6 using generic cutoff values: if a gene that was present in the control strain exhibited a 7 normalized signal ratio of R (query strain / control strain) > 0.67, the gene was called present ("2"). 8
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If the signal ratio was R (query strain / control strain) < 0.33, the gene's status was defined as 9 absent ("0"), and if the ratio was between these two thresholds, the status was classified 10 as uncertain ("1"). Note that these predictions are not perfectly accurate. Hybridizations 11 of sequenced Salmonella genomes to the array platforms confirmed an error rate of 12 approximately 1% (data not shown and (26)). 13
In real-time PCR predictions, four ubiquitously present genes were used as 14 controls: STM2072 (hisD), STM0736 (sucA), STM2384 (aroC), and STM3837 (dnaN). 15 PCR products of these controls were generally detected to be logarithmically amplified at 16 cycle numbers Ct C ≤ 18. After careful examination of final PCR products on agarose 17 gels, thresholds for successful real-time PCRs were set as follows: a product was 18 considered present ("2") if it was detected at Ct P ≤ Ct C +8 for at least three of four positive 19
controls. An intermediate status ("1") was defined for products detected at 20 Ct P <Ct I ≤Ct P +4. Products were absent ("0"), if their Ct values for detection were 21
Ct A >Ct P +4. Agarose electrophoresis of the real-time PCR products for strain SARB64 22 (R09) confirmed that these predictions were incorrect for only 6 of the 146 23 absence/presence calls (i.e. less than 5%) (data not shown). 24 In multiplex PCR experiments, products were visually scored after ethidium 25 bromide staining, and scores of "2", "1" and "0" were assigned to strong, weak, and no 26 product band of the appropriate size, respectively. 27
Genetic distances between the strains investigated by CGH, multiplex PCR and 28 real-time PCR were then estimated based on the encoded data. Genetic distances between 29 data sets were computed using an R script, giving true differences (absent versus present 30 predictions) double weight, and all other distinctions (absent versus uncertain, uncertain 31 The number of ORF status differences was calculated for CGH data using the 28 different subsets of genes to be used later in this report (the 384 genes of the phylogenetic 29 tree set, the 146 successful reporters in the real-time PCR set, the 64 resolved products of 30 the multiplex set, and the 12-probe set used in reference (17)). The elements of the four 1 different gene panels discussed in this report are shown in Table 2 . 2 For this calculation, representative isolates of all 52 subspecies I genovars present 3 in our CGH data collection were compared with each other, and the number of 4 differences is illustrated in Figure 1 . A difference was defined as a gene that was 5 predicted to be present in one strain, but predicted to be absent in the other. Uncertain 6 gene status predictions did not contribute to the number of differences. All numbers from 7 this analysis are depicted in Supplementary Figure 1. Supplementary Table 3 shows 8 the same comparison for every S. enterica subspecies I strain that had been subjected to 9 CGH (250 strains), for the 384 genes of the phylogenetic tree set. Overall, among 20 strains that were used in both CGH and real-time PCR 3 analysis, less than 6% of total gene absence / presence predictions were incongruent, and 4 about two-thirds of these discrepancies were called absent in real-time PCR, but present 5 in CGH. In all strains, genetic distance calculations identified isolates from the correct 6 serovar as closest match in the CGH data matrix ( Table 3) . One sample, strain R18, was 7 supposedly a Gallinarum isolate, but correlated instead with Paratyphi B isolates in the 8 CGH data. To determine if this mis-assignment was due to limitations in the real-time 9 PCR assay, we performed a subsequent comparative genomic hybridization experiment 10 using the same DNA preparation. The CGH data revealed the DNA to be indeed of 11 Paratyphi B origin. Therefore, real-time PCR was able to correctly identify the closest 12 genovar and the correct serovar for all 24 subspecies I isolates. However, the almost 5% 13 divergence of S. bongori orthologues from their subspecies 1 gene counterparts 14 (unpublished data) precluded successful amplification of several products from the S. polyacrylamide or capillary gel electrophoresis may resolve more products. With cost-1 effectiveness in mind (a factor that is most relevant especially in developing countries), 2 we continued to determine the performance of the multiplex mixtures on agarose gels. 3
These 64 genes were used to identify sero-and genovars of eleven S. enterica strains. An 4 image of one reaction mix on all eleven test isolates is depicted in Figure 2 . 5 Absence/presence calls generated from these electrophoresis images are included in 6
Supplementary Table 2. All but one of the S. enterica strains investigated correlated 7 best with isolates of the correct genovar in the CGH data collection ( Table 3 ). In one 8 example, strain S11, the genetic distance of the correct genovar (Paratyphi C 1) was the 9 same as that of a serovar (Typhisuis 1) known to be be very similar (25). However, based 10 on our CGH data, four differences exist among these 64 genes that would distinguish 11 these serovars, and differentiation would be easily achieved when a multiplex database 12 has been established. As in the real-time assays, distinction was not sufficient to correctly 13 identify an S. bongori isolate (not shown). 14 
15
Discussion 16
While useful, serotyping does not necessarily provide insights into evolutionary 17 relationships of isolates, and is difficult to automate. Here we have concentrated on one 18 of the alternatives, PCR. Similar DNA-based strategies have been explored in the past to 19 detect and identify Salmonella isolates (5, 7, 9, 10, 12, 13, 19, 38). These protocols 20 usually rely on exact matches of oligonucleotide sequences. The most successful of these 21 strategies is a multiplex PCR approach based on twelve probes that represent seven 22 Typhimurium LT2 genes, six Typhi CT18 genes, and one Enteritidis-specific region in 23 PT4 (17). This simple assay was able to classify 19 of the top 20 serotypes in the US, 24
representing over 75% of all reported Salmonella infections in the country. A blind test 25 using 111 strains (17 serotypes) resulted in a 97% correct serotype assignment based on 26 the PCR pattern generated. However, when all but one of the probes of this study were 27 used in in silico tests on the 52 genovars we investigated here, they were unable to 28 resolve 16 comparisons between genovars (Figure 1, Supplementary Figure 1) . 29
Inclusion of the remaining Enteritidis-specific probe would likely not have improved the 30 outcome dramatically. 31
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Our approach is different from all these previous studies because it sought to 1 address the problem of point-mutations leading to incorrect classification of isolates. Any 2 individual PCR primer may fail due to a previously unknown single base polymorphism 3 in the primer binding sequences. Thus, point mutations can result in mis-assignments of 4 strains. This affects both real-time PCR and multiplex PCR. The amount of a particular 5 product in a multiplex assay can also be influenced by the presence or absence of other 6 PCR products in the multiplex, which are competing for resources. In addition, all 7 technologies include technical error. Therefore, it is necessary to have the number of 8 markers used for classification exceed the theoretical minimum number. The additional 9 information can then be used to recognize these "mis-reports" immediately, and initiate a 10 follow-up analysis for the isolate in question. In short: we wanted to be able to 11 distinguish between serovars and genovars by more than one genetic marker. 12
We used information gleaned from our comparative genome hybridization 13 database on 291 Salmonella isolates to classify serovars and all the major genome 14 differences (down to sub-serovar level, at genovar resolution). 384 genes were manually 15 picked from among those with potentially informative distribution patterns for taxonomy 16 among the Salmonella. This panel of genes distinguished all investigated S. enterica 17 subspecies I serovars and genovars by more than one genetic marker. Real-time PCR was 18 tested using primers designed for PCR amplification of entire ORFs. 146 primer pairs 19 that had the best technical performance in real-time PCR were successfully tested on a 20 variety of Salmonella genomes. A subset of these 146 genes were also used for multiplex 21 PCR assays, and 64 reporters that could be scored consistently after separation of 22 products on an agarose gel were used to classify Salmonella genomes. Based on CGH 23 data, we show that these 64 genes (which perform well in both real-time and multiplex 24 PCR platforms) are able to unambiguously identify all genovars, and, moreover, still 25 contain two or more gene differences that distinguish between 99.5% of all 52 genovars 26 investigated. Only five cross-genovar comparisons could not be resolved by more than 27 one marker. In the future, these and other imperfectly resolved genovars and serovars can 28 be addressed by adding additional PCR products as reporters. 29
The few occurring discrepancies between multiplex PCR, real-time PCR and 30 CGH data were reliable within each platform in repeat experiments. Reliable reporting 31
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on July 14, 2017 by guest http://jcm.asm.org/ Downloaded from differences can be caused by a number of factors, particularly sequence polymorphisms 1 in primer binding sites. For CGH, sequence homology requirements for a positive signal 2 permit at least 5% divergence, whereas both PCR assays require almost total sequence 3 homology in the short priming regions. In addition, the multiplex format requires the 4 amplification product to be of a certain, expected, size, and will therefore not tolerate 5 insertions or deletions within the genetic segment interrogated. When real-time PCR or 6 multiplex assays are performed on a large number of strains in many serovars, the 7 resulting database for each platform will provide the best benchmark for subsequent 8 strain analysis. The comparison with CGH data is a temporary expedient used here for 9 proof-of-principle. This will be unnecessary when a database is established containing 10 real-time or multiplex PCR profiles -correlations would then reach near perfection for 11
isolates that belonged to the same genovar as an isolate already present in the database. 12
No inter-platform comparisons will then be required. The classification schemes and gene panels we present here not only differentiate 6 every S. enterica subspecies I serovar and respective genovar that we have tested, they 7 also do so with more than one distinguishing character state in 99.5% of all inter-genovar 8 comparisons. These panels can be incrementally improved as new data is acquired. If 9 new high quality CGH or sequencing data suggest that a strain in a previously unstudied 10 serovar or genovar can not be distinguished from other serovars or genovars by more than 11 one marker already in the panel, then one would add additional marker(s) to facilitate this 12 distinction. The genes added to the panel would ideally also add additional discrimination 13 power for other serovars. 
